A three-dimensional brain phantom has been developed to simulate the activity distributions found in human brain studies currently employed in positron emis sion tomography (PET). The phantom has a single con tiguous chamber and utilizes thin layers of lucite to pro vide apparent relative concentrations of 5, 1, and 0 for gray matter, white matter, and CSF structures, respec tively. The phantom and an ideal image set were created from the same set of data. Thus, the user has a basis for comparing measured images with an ideal set that allows a quantitative evaluation of errors in PET studies with an activity distribution similar to that found in patients. The
Positron emission tomography (PET) has often been cited as a technique capable of making quan titative "in vivo" measurements of metabolic or physiologic quantities in humans (Greitz et aI., 1984; Phelps et aI., 1986) . The measurements usu ally require the following: (a) a detailed understand ing of the biological process under study; (b) a mathematical model of the process; (c) a series of blood samples for the time course of activity in the blood, and possibly some chemical analysis; (d) a reasonably cooperative patient, who will remain still for 20-200 min, depending upon the study; and (e) a PET system that is sufficiently characterized to make a quantitative measurement. All are re quired for a quantitative measurement. The topic of phantom was employed in a study of the effect of dead time and scatter on accuracy in quantitation on a current PET system. Deadtime correction factors were found to be significant (1.1-2.5) at count rates found in clinical studies. Deadtime correction techniques were found to be accurate to within 5%. Scatter in emission and attenua tion correction data consistently caused 5-15% errors in quantitation, whereas correction for scatter in both types of data reduced errors in accuracy to <5%. Key Words: Positron emission tomography-Brain phantom Error -Dead time-Scatter . this work is the accuracy of the PET system itself, without the complications of the first four points in this list.
The problems of poor spatial resolution and par tial volume effects, which are primary sources of inaccuracy in PET, have been treated extensively in previous work (Hoffman et aI., 1979 (Hoffman et aI., , 1982 Maz ziotta et aI., 1981; Wisenberg et aI., 1981) . Resolu tion problems are intrinsic to the particular PET system and are not easily corrected by data pro cessing, system calibration, or other user interven tion. Another potential source of inaccuracy, acci dental coincidences, can be corrected by a number of techniques and should be considered a problem of precision rather than accuracy (Hoffman et aI., 1981) . In this work the effects of deadtime and scat ter on the accuracy in PET brain imaging were cho sen for study because corrections for these prob lems can be developed or improved by the user through calibration and/or data processing tech niques (Germano and Hoffman, 1988; Digby and Hoffman, 1989) . With the advent of both two-dimensional bismuth germanate (BGO) detector arrays (Dahlbom and Hoffman, 1988) and large area NaI(Tl) detectors in commercial PET systems (Mankoff et aI., 1988) , deadtime and deadtime cor rections have become significant at even moderate count rates, and are the dominant sources of error at high data rates. Scatter of the annihilation pho tons in both the emission and attenuation correction measurements causes smaller errors than dead time or partial volume effects in most PET systems. However, adequate compensation for scatter is necessary to achieve the limit of accuracy required to measure small absolute changes in brain function with PET.
In evaluating the accuracy of measurements with PET systems, there is an intuitive and real disparity between the images usually obtained with simple geometric test phantoms and activity distributions that are seen in in vivo images. The activity distri butions seen in cerebral metabolic or flow measure ments are irregular and three-dimensional with otI plane activity distributions that are quite different than in-plane distributions.
In 1983, a brain phantom was introduced that ad dressed the intuitive disparity between phantom studies and brain images. The phantom consisted of a single chamber cut in lucite (Hoffman et aI., 1983; Mahoney et aI., 1987) . The outer boundary was traced from an anatomical section of a human brain with an activity chamber corresponding to a slice thickness of 16 mm. Within the chamber, two iden tical 6-mm thick plastic cutouts in the shape of the white matter excluded 80% of the fluid (and activ ity) from the region corresponding to the white mat ter. When imaged with a PET camera, the image gave the appearance of an [1 8 F]fluorodeoxyglucose (FDG) metabolic or a flow study of the human brain with gray-to-white ratios in the neighborhood of 4 or 5: 1. The phantom was useful in judging the per formance of a system only in a nonquantitative manner. This concept has been further developed into a three-dimensional phantom, which can be useful in simulating a number of the problems en countered in brain imaging with PET in a quantita tive manner.
MATERIALS AND METHODS
Design and construction of a three-dimensional brain phantom
The data set for the phantom was derived from a set of 19 7-mm thick, T1 weighted spin-echo magnetic reso nance imaging (MRI) scans taken at 7 mm intervals over the whole brain of a normal volunteer. The region of in terest (ROI) software from our PET data analysis system was used to outline the outer edge of the brain, the inter face of all white and gray structures, and regions contain-J Cereb Blood Flow Metab, Vol. 11, Suppl. 1,1991 ing CSF. Standard anatomy atlases, a set of inversion recovery MRI images on the same volunteer, and expert advice in neuroanatomy (J.C.M.) supplemented the infor mation in the data set when the boundaries were unclear in the primary MRI image set. Each ROI, which is a list of coordinates in the image matrix, was smoothed and interpolated to provide plots of these outlines. A typical set of plots is shown in Fig. 1 .
The structure of the phantom consists of layers of plas tic cutouts. One type of layer ( Fig. 1, left) is a plastic cutout of the white matter and the outer boundary of the brain. The areas corresponding to the gray matter are open and will be filled with activity when the phantom is used. The other type of layer ( Fig. 1, right) is .a cutout of only the ventricles and the outer boundary of the brain. The fluid space around the ventricles provides the activ ity for the white matter. Fig. 2 illustrates the layering for one section of the phantom. Fig. 2 is elongated in the vertical direction for purposes of illustration. This is a vertical cut through the alignment holes in the plastic out side the brain in Fig. 1 . It cuts through gray and white matter and the ventricles at the ninth level from the top of the brain in the data set (also included are parts of the eighth and 10th levels). The first (level 9) layer is a thick layer (1.27 mm) with the plastic "white structure," the second is a thin layer (0.64 mm) that is open except for the "ventricles," and the third is another thick layer; the structure is then repeated. The outer edge is cut from a single thicker piece of plastic, 6 mm thick. The sections are then stacked in a 20A-cm diameter lucite cylinder, radioisotope is added, and, after the bubbles are shaken loose, the phantom is ready to be imaged.
Measurements
All PET images were obtained with a cn 831108-12.5 NeuroPET system (CT!, Inc., Knoxville; TN, U.S.A.). When imaging with procedures employing 18F, stationary data collection, and a Shepp reconstruction filter, the sys tem has an image resolution of 6 mm full width half max imum (FWHM) with a 6-7-mm FWHM slice thickness. The system collects 15 simultaneous images (eight direct and seven cross-planes) at 6.75-mm intervals. Accidental coincidences are measured by the delayed coincidence technique and subtracted online during data collection. A deadtime correction is determined by system hardware and software techniques and is available as a scaling fac- white matter, of the ventricles, and of the whole brain slice for one level of the three-dimensional brain phantom. In the fabrication from lucite, all regions corresponding to gray matter are cut out of the material in the outline on the left, while in the outline on the right, all regions are removed except the ventricles. The holes outside the brain are for alignment of the brain slices. slice is alternated with a thin (.64 mm) slice with only open space and ventricles followed by an other thick slice. Two of these units are stacked to give a 6-mm thick level. The outer boundary of the brain is cut in a single 6-mm thick sheet of lucite. The cross sections are stacked in a lucite cylinder to form the complete phantom.
tor for the image data. The data collection parameters such as events per image, deadtime, percent randoms, etc., are tabulated in Table 1 .
Emission scans. The phantom was filled with 18p at a concentration of �6 fLCi/ml with 8 mCi in the volume of the phantom at the start of imaging. The lower half of the phantom was filled with plastic inserts with a lO-cm di ameter hole in the center to act as an internal uniform cylinder. This provides a region with no partial volume problems. The phantom was scanned for 15 frames of 20 min each. All images were reconstructed on a 256 x 256 matrix with a Shepp filter using the filtered backprojec tion technique.
Calibration. The 18p solution, 60 ml, was drawn into a 60-ml disposable syringe. The syringe was imaged with the PET system as a low count rate, low scatter standard with a diameter five times the image resolution (30 mm). The calculated attenuation correction method was used in the reconstruction of the syringe images.
Measured attenuation with ring source. The blank and transmission scans were obtained with a 68-Ge/68-Ga ring source containing �2 mCi of activity. The source consists of a long plastic tube (3 mm outer diameter) looped on a 29-cm diameter plastic support with three loops at each image plane. In this configuration, both the direct-and cross-planes have loops centered in their lines of re sponse.
Measured attenuation with rod source (Kearfott and Carroll, 1984) . A rod source of � 1 mCi 68-Ge/68-Ga was mounted on a rotating source holder at the edge of the field of view (POV). The rotating source provides a signal every time it passes 00• This signal is fed to the cardiac gating input of the system, and a "gated" study is per formed as the rod source rotates. Each image frame of the "gated" data is divided into 16 sinograms. True events are only recorded in valid regions of each sinogram de fined by the position of the rod source during that" gate" . Outside the valid area, all events are due to scatter. The scatter areas are masked and zeroed. The 16 sinograms are then added without the scatter of the masked area, giving an attenuation measurement with a low scatter fraction.
RESULTS

Three-dimensional brain phantom images
In addition to acting as a guide for the machining of the phantom, the brain outlines were used to de fine regions in an image matrix that were then filled with appropriate activity values representing gray, white, and CSF-filled structures (4: I :0, respec tively) as seen in an FDG image. The full set of these "ideal" images is shown in Fig. 3 . Images of the upper 10 levels of the phantom taken with the 831 PET system are shown in Fig. 4 . These images The "gray," "white," and "CSF" spaces were given "activity" levels of 4, 1, and 0, respectively.
are the sum of the 15 20-min FDG images described above. Because the plane separation of the system is 6.75 mm and the actual phantom slices are 6 mm, the 10 phantom levels are contained in nine image planes. The purpose of the "ideal" set of images is FIG. 4 . Set of images of 10 upper levels of brain phantom taken with positron emission tomography system. Because the spacing of the image planes is greater than the phantom, the 10 levels fall into nine image planes. The isotope was 18 F and � 75 million events were collected per image. to have a noiseless image set as a reference for im aging studies with the phantom. It allows the user to know the detailed dimensions of a very irregular object to assess whether or not the imaging system is performing adequately in a given brain imaging task.
Measurements
Level number 9 in Fig. 3 was chosen as the typ ical level for this series of measurements and data processing. The ROIs shown in Fig. 5 were mea sured for each type of image collection or process ing technique. ROIs 1 and 2 are gray structures in cortex, ROI 3 is a central gray structure, and ROIs 4 and 5 are white structures. All the structures that were assigned ROIs were at least 17 x 17 mm in the image slice, and because these structures also ex tended into the adjacent planes, partial volume er rors in the ROI values should be small. Regions were also drawn on the cylindrical structure; one in the center and four, which were averaged, near the edge of the active region.
Effect of deadtime and deadtime corrections. In two-dimensional modular detectors or area detec tors, count rate limitations can cause problems ei ther by rejecting events or by mispositioning the events. If the data are rejected, the deadtime cor rection is a scaling factor to correct for the loss. To check gross deadtime correction, the total count rate from the individual frames in the 1 8 F study of the phantom was determined with ' and without deadtime correction. The results are plotted in Fig.  6 . The activity at low count rate was extrapolated to
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FIG. 5. Regions of interest that were employed on the phan tom level that was chosen for data analysis.
time zero to check the gross accuracy of the dead time correction. The deadtimes observed at early times are equivalent to those seen following a bolus injection of 6{}-80 mCiesO]water for a CBF study. The discrepancy between the extrapolated and dead time corrected count rate is 5% at a 60% dead time. ROI values from the deadtime corrected im ages of the brain and cylinder were corrected for decay and normalized to the low count rate values. The results of the measurement are plotted in Fig.  7 . All values were within 10% of 1.0, the correct value, and most values were within 5%. Attenuation correction and scatter. Scatter in the blank and transmission data for measured attenua tion corrections causes underestimation of the ac tivity in the final emission image. Because of this fact, the emission data were corrected in a number of ways. In order to estimate the error in the mea sured attenuation correction factors, the theoretical attenuation was calculated for the cylindrical sec tion of the phantom [using 0.095 cm -1 and 0.11 cm -1, for the water and plastic (Hubbell, 1982) , respectively]. These attenuation correction factors are compared to those from the ring source and rod source measurements in Fig. 8 . The rod source has about one half the error due to scatter in compari son to the ring source. If the measured values are plotted versus the theoretical values ( Fig. 9) , it is clear that the differences are not large and a simple functional relationship can be derived between the measured and theoretical values. These relation ships were used to correct the attenuation factors for the ring and rod source measurements and the correction applied to the emission data.
In order to obtain a measure of the scatter in the transmission data, the regions that were masked and rejected in the rod source measurement were summed for the 16 "gated" images for both the blank and transmission measurement. These data were divided by the "good" data and the results plotted as a function of position in the FOY in Fig.  10 . The scatter in the transmission scan is generally at the level of 13%, while a surprisingly high 4% is seen in the blank scan.
Scatter also creates error in the emission data. An estimate of the scatter in these data was made from the tails of counts in the sinogram profiles outside the regions containing activity. Sinogram data were summed over 10 angle sets in the cylinder and "brain" data. The activity profile for the cylinder is shown in Fig. 11 . Since the electronic FOY is 40 cm, the tails of the scatter distribution are well de fined and provide a good means for estimating the scatter. Scatter estimated in this manner was sub tracteu from both the cylinder and "brain" data before attenuation correction and reconstruction.
The various types of attenuation correction and scatter correction were applied to the cylinder and image data from the summed 15-frame data set. The data were corrected for deadtime, decay, and length of acquisition and then compared to the syringe scan, which served as a calibration standard be cause of the low deadtime of its acquisition and its low-scatter physical configuration. The measure ment of the syringe over 14 planes had a standard deviation of 1.5%. The results of these various mea surement and processing steps are given in Table 2 . The syringe value was set equal to 100, therefore all "gray" structure values should be 100 and "white" structure values should be 20.
DISCUSSION
Although a phantom can never match the prob lems of imaging actual patients, the phantom pre sented here adds a level of complexity for testing a PET system in an intuitively satisfying manner. Since the structure of the phantom is known and stored in a data format identical to the imaging sys tem, it is possible to make quantitative comparisons between the ideal and measured data. The activity is in a single chamber, so it is relatively easy to perform assessments of absolute quantitation and (J) Region of interest values (Fig. 6) were ob tained from each frame of the imaging study. Each value was corrected for isotope decay and deadtime and normalized to a value of one. The plot shows the distribution of these values about one as a function of time.
0.9 C 0.8 0.7 -
TIME (MINUTES)
relative quantitation, as there are only three correct answers, 5 for the gray structures, 1 for the white, and 0 for the ventricles. The data in Table 2 can give some insight into the level of accuracy with which a modern PET scanner functions, and it also provides a perspective on er rors caused by some of the approximations com monly employed in the data processing of PET im ages. The most accurate attenuation correction in PET can be achieved when the detailed composi- tion, geometry, and location of all structures are known, and the attenuation can be calculated from known attenuation coefficients. In addition, a good estimate of scatter from the emission data is re quired so that it can be subtracted from the sino gram data. The closest approximation of that con dition in this data set is in line 10 of Table 2 . In this case the detailed geometry of the cylinder is in cluded in the calculation, as opposed to the stan dard calculated attenuation correction that assumes is subtracted (Table 2, line 11) appears to be the most accurate in this series of measurements (aver age value of ROI = 100.1). The "gray brain" ROIs with this method are �5% low, probably indicating some level of partial volume effect from the struc tures in the neighboring slices. The ROI "gray" and "white" values from this method will be considered to be the correct values for this discussion of the accuracy of attenuation correction.
It is obvious from this set of data that the stan dard method of attenuation correction using a ring or rod source produces an underestimation of the attenuation. When no scatter correction is em ployed, the values of the ROIs appear to be more accurate for "gray" structures. However, this is misleading and is due to the fact that the scatter background is elevating the apparent activity. The elevation is obvious in the "white" structures, which are overestimated by 3-30% by those meth ods in which scatter was not subtracted from the emission data. It may be tempting to allow the scat ter to remain in the emission data in order to get the correct ROI value for the gray structures, but in any kinetic study, the underlying scatter has kinetic properties that correspond to the average of the whole cross section and would cause a systematic error in any rate constants derived for a localized measurement.
Simply subtracting the scatter from the emission data and applying the measured attenuation correc tions to the data apparently gives poorer ROI values for the gray structures than ignoring the scatter. In order to arrive at the correct answer, scatter must also be removed from both the ring source and rod source data. It is not clear how to do this accu rately, or how to deal with the scatter in the blank scan data. The method of empirically developing correction factors, assuming that the small varia tions in size and attenuation for most heads is not significant, seems to work reasonably well ( Table 2 , lines 11 and 12). The method is simple to apply and the detailed structural information is essentially un changed. It is useful in the system under study be cause the correction factors are not> 20% (less for human heads, which are �25% smaller), and are smoothly decreasing as the attenuation factor de creases.
CONCLUSION
The three-dimensional brain phantom was used to test the accuracy of a PET scanner in imaging a distribution of activity that is very similar to those seen in PET images of cerebral metabolism or blood flow. Since the activity is in a single chamber, the concentration can be accurately calibrated and the ability of the system to measure activity quantita tively can be tested.
In this work the effect of dead time was measured with the phantom and seen to require a large cor rection factor. The correction technique was seen to give values within 5% of the correct answer at 58% deadtime for a total activity curve. However, the possibility of spatial distortions at high data rate still remained. Therefore, the accuracy of the cor rection on individual ROIs was tested and found to be generally within 5% of the correct answer, and more or less randomly distributed about that value.
Scatter in the emission, transmission, and blank scans was shown to cause errors on the order of 5-15% in ROI values depending upon the data col lection and processing technique. All measured at tenuation correction techniques showed significant errors. The best results were obtained with empir ical corrections to the measured data.
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